Formation of catalytically active RNA structures within the spliceosome requires the assistance of proteins. However, little is known about the number and nature of proteins needed to establish and maintain the spliceosome's active site. Here we affinity-purified human spliceosomal C complexes and show that they catalyse exon ligation in the absence of added factors. Comparisons of the composition of the precatalytic versus the catalytic spliceosome revealed a marked exchange of proteins during the transition from the B to the C complex, with apparent stabilization of Prp19-CDC5 complex proteins and destabilization of SF3a/b proteins. Disruption of purified C complexes led to the isolation of a salt-stable ribonucleoprotein (RNP) core that contained both splicing intermediates and U2, U5 and U6 small nuclear RNA plus predominantly U5 and human Prp19-CDC5 proteins and Prp19-related factors. Our data provide insights into the spliceosome's catalytic RNP domain and indicate a central role for the aforementioned proteins in sustaining its catalytically active structure.
1
Formation of catalytically active RNA structures within the spliceosome requires the assistance of proteins. However, little is known about the number and nature of proteins needed to establish and maintain the spliceosome's active site. Here we affinity-purified human spliceosomal C complexes and show that they catalyse exon ligation in the absence of added factors. Comparisons of the composition of the precatalytic versus the catalytic spliceosome revealed a marked exchange of proteins during the transition from the B to the C complex, with apparent stabilization of Prp19-CDC5 complex proteins and destabilization of SF3a/b proteins. Disruption of purified C complexes led to the isolation of a salt-stable ribonucleoprotein (RNP) core that contained both splicing intermediates and U2, U5 and U6 small nuclear RNA plus predominantly U5 and human Prp19-CDC5 proteins and Prp19-related factors. Our data provide insights into the spliceosome's catalytic RNP domain and indicate a central role for the aforementioned proteins in sustaining its catalytically active structure.
Splicing of pre-messenger RNA is catalysed by the spliceosome, which consists of the U1, U2, U4/U6 and U5 snRNPs, and numerous proteins 1 . During spliceosome assembly, short conserved sequences of the pre-mRNA, including the 59 and 39 splice sites and the branch point sequence (BPS) are recognized sequentially 1 . Initially, the U1 and U2 snRNPs bind, forming the A complex, followed by the U4-U6.U5 tri-snRNP, generating the pre-catalytic B complex. Subsequent activation of the spliceosome entails RNP rearrangements leading to the displacement of U1 and U4 (ref. 2) . The activated B* spliceosome catalyses step I of splicing, during which the branch-point adenosine attacks the 59 splice site, generating the cleaved 59 exon and intron-39-exon lariat intermediates. The spliceosomal C complex is formed at this time and catalyses the second step of splicing, during which the intron is excised and the 59 and 39 exons are ligated to form mRNA.
A complex RNA network involving the spliceosomal small nuclear RNAs (snRNAs) and the pre-mRNA is formed during spliceosome assembly 3 . Initially, U1 snRNA base-pairs with the 59 splice site and U2 with the BPS. U1 is then displaced by U6, which base-pairs with the 59 splice site and also U2, and the U5 snRNA contacts the 59 exon. The resulting RNA structure, involving pre-mRNA, U2, U5 and U6, has a central role in catalysing the first step of splicing. Before the second step, additional rearrangements occur 4, 5 , but they are still not well understood.
RNA is a major component of the spliceosome's catalytic core and there is good evidence that catalysis itself is RNA based 6 . Nonetheless, establishing a catalytically active RNA network in the spliceosome requires the assistance of proteins 7 . Several proteins seem to be core components of the spliceosome. These include the following: first, Prp8, which directly contacts the 59 splice site, the BPS and the 39 splice site of the pre-mRNA 8 ; second, Prp19 and a group of proteins that associate tightly with it (the 'nineteen complex' (NTC) in yeast or the Prp19-CDC5 complex in humans), which are crucial during catalytic activation [9] [10] [11] [12] [13] ; and third, proteins of the heteromeric SF3a and SF3b complexes, which contact the pre-mRNA at and/or upstream of the BPS, and stabilize the U2-BPS interaction 14, 15 . However, little is known about the number and nature of proteins required for maintaining a catalytically active structure in the spliceosome's core.
Purification of the B and C complexes
To identify proteins essential to the spliceosome's RNP core, we set out to isolate spliceosomes that catalyse splicing in the absence of added factors. Previously, an adenovirus-derived pre-mRNA lacking a 39 splice site and 39 exon was shown to catalyse bimolecular exon ligation (that is, step II of splicing) in nuclear extract, when offered a 39 splicesite-containing RNA in trans 16, 17 . To isolate catalytically active C complexes, we performed splicing in vitro with PM5 pre-mRNA, which contains a 60-nucleotide polypyrimidine tract but no terminal AG dinucleotide and no 39 exon (Fig. 1a) . When incubated under splicing conditions with HeLa nuclear extract, PM5 underwent 59 splice site cleavage and intron lariat formation but no exon ligation (Fig. 1b) , and initially B complexes and later C complexes were efficiently formed (Fig. 1c) . After allowing C complexes to form on the PM5 substrate, an RNA with the sequence 59-GACAG-39, where AG represents the 39 splice site, followed by a 55-nucleotide adenovirus-derived 39 exon 16 ( Fig. 2a) was added to the splicing reaction. To control for proper 39 splice site recognition, an identical RNA with an AG to GG mutation (59-GACGG-39 exon), which should lead to the use of the downstream, proximal-most AG dinucleotide 16 , was added alternatively. Northern blotting revealed the generation of mRNA products of the expected size with both 39 splice-site-containing RNAs, showing that spliceosomes formed on PM5 can catalyse bimolecular exon ligation (Fig. 2b) . No mRNA product was observed if C complexes were not allowed to form, and sequencing after RT-PCR confirmed that splicing occurred at the expected 39 splice site in each case (data not shown).
The coliphage coat protein MS2 was used to affinity purify both B and C complexes formed on the PM5 substrate; purification was performed under identical, physiological conditions. Affinitypurified B complexes contained nearly equimolar amounts of U1, U2, U4, U5 and U6 snRNA together with unspliced pre-mRNA (Fig. 3a, lanes 1 and 3) . Purified C complexes, in contrast, contained nearly equimolar amounts of U2, U5 and U6 plus first-step intermediates (that is, the excised 59 exon and the intron lariat) and only small amounts of unspliced pre-mRNA (Fig. 3a , lanes 2 and 4). Thus, highly pure complexes were isolated in each case.
Purified C complexes are active
To determine whether affinity-purified C complexes are active, we performed bimolecular exon ligation assays in the presence or absence of micrococcal nuclease (MN)-treated nuclear extract. Exon ligation was observed at an efficiency comparable to that of non-purified complexes both in the presence of MN-treated nuclear extract (Fig. 2c, lanes 1 and 2) and, more strikingly, even in its absence (Fig. 2c, lanes 3 and 4) . Mutation of the 39 splice site to GG also led to the expected switch in 39 splice site use. Note that the mRNA doublet seen with both 39 substrate RNAs is due to 39 end heterogeneity and not incorrect 39 splice site use (data not shown). Bimolecular exon ligation with purified C complexes was most efficient when performed in the presence of ATP in comparison with other NTPs, and less efficient in the presence of non-hydrolysable (AMP-PNP) or slowly hydrolyzable (ATP-cS) ATP analogues (Fig. 2d) . This represents the first instance where affinity-purified, non-immobilized spliceosomal complexes on their own could be shown to possess catalytic activity, and thus indicates that our affinity-purified C complexes contain all the factors necessary for step II of splicing.
Protein dynamics of the B to C transition
Proteins present in affinity-purified C, and also B, complexes were separated by SDS-PAGE (Fig. 3b) and identified by mass spectrometry (MS) (Supplementary Tables 1 and 2 ). MS consistently identified about 130 proteins in B complexes, the vast majority of which had previously been found in B complexes formed on an adenovirusderived pre-mRNA 18 . Affinity-purified C complexes contained about 150 proteins, about 105 of which were also consistently found in B complexes. Proteins shared by both complexes include most proteins associated with U5 and U2 snRNPs, the Prp19-CDC5 protein complex and related factors, and components of the RES (retention and splicing) complex. Several proteins are lost during the B to C transition-that is, they are found solely or predominantly in B complexes-as shown by immunoblotting (see below) and the number of peptides sequenced by MS. Although not strictly quantitative, a comparison of the number of peptides identified is a good indication of the relative amounts of a protein present in two different samples when they are directly, sequentially analysed. Proteins lost or highly underrepresented in C complexes include almost all U1 and U4 ARTICLES proteins, the U6 Lsm proteins, and several non-snRNP factors. Immunoprecipitation studies in yeast indicated that the Lsm proteins are destabilized during spliceosome activation, thereby allowing the 39 end of U6 to base pair with the 59 splice site 12 . Our data provide direct evidence that human Lsm proteins are also destabilized or lost during the B to C transition, indicating that this important remodelling event is conserved among eukaryotes.
Several proteins were found solely or predominantly in C complexes and are thus recruited during catalytic activation or step I of splicing. These included most second-step factors, the DEAD-box helicases Abstrakt and DDX35, and the peptidyl-prolyl isomerases (PPIases) PPIL3b, PPWD1 and PPIG. Thus, one or more of these helicases or PPIases might facilitate conformational changes accompanying step II of splicing. Finally, most core components of the exon junction complex (for example, eIF4A3, Magoh and Y14) seemed to be enriched in C complexes.
To determine the absence or presence of selected proteins, we also performed immunoblotting (Fig. 3c) . Antibodies against either U5-116K, a core component of B and C complexes, or the fusion protein of MS2 with maltose-binding protein (MBP) confirmed that comparable amounts of both complexes were analysed. Consistent with our MS results, Lsm4 was detected solely in B complexes, whereas the step II factors human Prp22 (hPrp22) and hSlu7, together with DDX35 and Abstrakt, were found exclusively in C complexes. Only trace amounts of hPrp16 were detected in C complexes. Because the latter catalyse exon ligation on their own, they might be stalled at a stage after hPrp16 has acted or, alternatively, the small amounts of Prp16 still present might be sufficient for step II.
More peptides were sequenced by MS for most proteins comprising the Prp19-CDC5 complex and for Prp19-CDC5-related proteins in the C versus the B complex (Supplementary Table 1 ). Consistent with this observation, more intense immunostaining of Prp19, RBM22, AD002, PRL1, SKIP, Cyp-E and KIAA0560 was observed with C complexes (Fig. 3c) . Thus, Prp19 and related proteins seem to be enriched in C complexes, suggesting that they are more stably associated at this stage. In contrast, fewer peptides were consistently identified by MS for proteins comprising SF3a and SF3b in the C versus the B complex (Supplementary Table 1 ). Immunoblotting with antibodies against various SF3a/b proteins confirmed that they are much less abundant in the C complex (Fig. 3c) . Thus, SF3a/b components seem to be destabilized during the B to C transition (and are therefore lost more readily during purification). The apparent destabilization or loss of SF3a/b proteins, and stabilization of Prp19-CDC5 proteins, indicates that protein-protein and/or protein-RNA contacts involving these proteins are remodelled before or during step I of splicing.
Proteins in the spliceosome's RNP core To determine which proteins are required for maintenance of the catalytically active RNA network in the step I spliceosome, purified C complexes were subjected to increasing concentrations of NaCl up to 1 M, followed by glycerol-gradient centrifugation. Complexes treated with 1 M salt sedimented as a single RNP peak, as determined by the distribution of 32 P-labelled RNA across the gradient (Fig. 4a) . Only trace amounts of radiolabelled RNA were detected at the top of the gradient, indicating that nearly all of the excised 59 exon and lariat intron remained associated with this RNP complex. Gradient fractions 13-15 (RNP peak) contained nearly equimolar amounts of both first-step intermediates, as well as the U2, U5 and U6 snRNAs (Fig. 4b, c) , suggesting that relatively homogeneous (at least at the RNA level), intact RNP particles are still present after salt treatment. In contrast, although native B and C complexes have almost identical S values (data not shown), the vast majority of B complexes treated with 1 M salt sedimented much more slowly than the salt-stable RNP cores of the C complex (Fig. 4a) , indicating that the former dissociate. Thus, catalytic activation of the spliceosome seems to lead to a generally more stable core RNP conformation, suggesting that protein-RNA and protein-protein contacts in the B-complex and C-complex cores must differ.
Salt-treated C complexes had a slightly lower S value (Fig. 4e ) than native complexes, which is consistent with the dissociation of a subset of proteins. We therefore analysed the protein composition of gradient fractions 13-15 containing the salt-resistant RNP complex and also gradient fractions 1-5, which should contain dissociated proteins (Fig. 4d ). Proteins were separated by SDS-PAGE and analysed by MS (Supplementary Table 1 ). Visual comparison of the band patterns of the RNP peak with top gradient fractions reveals clear differences in their compositions. The peak contains predominantly Prp19 complex proteins and Prp19-related factors (for example, hPrp19, CDC5, hSyf3 SKIP, Prl1, RBM22, AD002 and G10) as well as the U5-220, U5-116 and U5-40K proteins, which form a highly stable heteromeric complex in higher eukaryotes 19 . Altogether, 37 proteins were predominantly or exclusively present in the salt-resistant RNP core complex as determined by band intensity and/or the number of peptides sequenced by MS (Supplementary Table 1 ), suggesting that they are tightly incorporated components of the C complex and are crucial for maintaining its catalytically active RNA network. Other proteins were found in apparently similar amounts in both fractions, whereas most, such as proteins of the exon junction complex and step II factors such as hPrp22 and hSlu7, or components of SF3a/b, were found exclusively or predominantly at the top of the gradient. These proteins therefore do not seem to be required for maintaining the RNP core of the C complex.
In contrast with C complexes isolated under physiological conditions, 1 M salt-treated C-complex cores did not support bimolecular exon ligation on their own (Fig. 2c, lanes 7 and 8) . However, exon ligation was observed when the C-complex cores were supplemented with MN-digested nuclear extract, although at a lower efficiency than that observed with native C complexes (Fig. 2c , compare lanes 1 and 2 with lanes 5 and 6). Thus, the RNP core probably lacks one or more proteins required for exon ligation, but its RNA and RNP networks nonetheless remain relatively intact. C complexes incubated with MN-treated nuclear extract (reassembled C complexes) sedimented faster than salt-treated RNP cores on glycerol gradients (Fig. 4e) , with an S value only slightly smaller than that of native C complexes, indicating that several proteins reassociated.
Concluding remarks
Here we have purified mammalian spliceosomes that are catalytically active on their own. This was a key step towards identifying proteins involved in stabilizing the spliceosome's catalytically active RNA network. We show that there is a large exchange of proteins during the B to C complex transition when the active site of the spliceosome is formed. Proteins comprising the heteromeric SF3a and SF3b complexes were largely underrepresented in purified C versus B complexes, suggesting that they are destabilized before or during the first catalytic step of splicing. Before the second step, the branch adenosine is probably removed from the active site of the spliceosome and replaced with the 39 splice site, which serves as the nucleophile for the second step of splicing. A recent report indicates that, in yeast, step II of splicing can proceed in the absence of U2-BPS base pairing 20 . Thus, whereas SF3a and SF3b are essential early in the splicing reaction, they may not be required after the first catalytic step. SF3a and SF3b were for the most part absent from the saltresistant RNP core of the C complex, raising the question of what stabilizes the association of U2 in this complex.
In contrast with SF3a/b, Prp19-CDC5 and related proteins seemed to be more stably associated in C complexes. Indeed, they, together with U5 proteins, remained associated with the pre-mRNA splicing intermediates and the U2, U5 and U6 snRNAs on treatment of purified C complexes with high salt concentrations. The presence of most human homologues of NTC proteins in the salt-stable C complex RNP core is consistent with studies in yeast demonstrating that the NTC is required for stable association of U5 and U6 with the premRNA after U1 and U4 have dissociated 12 . Our data additionally point to potential contributions by other Prp19-related proteins that are not part of the core Prp19-CDC5 complex, in stabilizing the catalytically active RNA structures in step I spliceosomes. The presence of hPrp8 in the salt-resistant C-complex core is also consistent with a wealth of data demonstrating that hPrp8 contacts all reactive groups of the pre-mRNA and supports the idea that it acts as a cofactor during splicing catalysis 21 . The protein composition of the salt-stable C-complex core is highly similar to that of the human 35S U5 snRNP. This supports our previous hypothesis that the latter represents a remodelled form of U5 that is generated during spliceosome activation and is released after exon ligation as a postspliceosomal complex 22 . The ability to isolate active human C complexes and their stable RNP cores is an important step towards establishing the threedimensional architecture of the spliceosome's RNP core. Our purified C complexes can be used to determine the structure of catalytically active spliceosomes poised for step II of splicing, either by electron microscopy or by structure probing methods. Salt-stable C-complex cores may be used in the future to identify proteins involved in catalytic step II, and also to study their interaction partners within the spliceosome. Similarly, as a result of their apparent high stability, they may ultimately be suitable for high-resolution structural studies, including X-ray crystallography.
METHODS SUMMARY
In vitro splicing.
32
P-labelled PM5 pre-mRNA was synthesized in vitro, and splicing was performed in vitro with HeLa nuclear extract 23 . RNA was separated on an 8.0 M urea-10% polyacrylamide gel. Splicing complexes were analysed on agarose gels 24 . MS2 affinity selection and immunoblotting. MS2 affinity selection was performed as described previously 18 except that an excess of DNA oligonucleotide complementary to nucleotides 26 to 218 relative to the 59 splice site was added after splicing and the reaction was incubated at 30 uC for a further 2 min (B complex) or 20 min (C complex) before glycerol-gradient centrifugation. Proteins were separated by SDS-PAGE, transferred to Hybond P membrane and immunostained with an enhanced chemiluminescence detection kit. Mass spectrometry. Proteins were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) after separation by SDS-PAGE as described previously 18 . Bimolecular exon ligation. An excess of 39 substrate RNA was added after splicing for 180 min with PM5 substrate, and the mixture was incubated for 30 min. Alternatively, purified C complex or C-complex RNP cores were incubated for 30 min under standard splicing conditions with 39 substrate RNA. Generation of a 32 P-labelled DNA probe against the 39 substrate RNA and subsequent northern blotting were performed as described 25 . Isolation of C-complex RNP cores and reassembled C complexes. Purified C complexes were incubated in buffer containing 1 M NaCl and subjected to glycerol-gradient centrifugation in the presence of 1 M NaCl. For functional assays, C complexes bound to amylose beads were washed with buffer containing first 1 M NaCl, followed by 150 mM KCl (G-150). Complexes were then eluted with maltose (to generate C-complex RNP cores) or incubated with MN-treated nuclear extract and then eluted to yield reassembled C complexes. Complexes were subjected to glycerol-gradient centrifugation in the presence of G-150 buffer.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
